To determine the effect of virally suppressive antiretroviral therapy (ART) on cortical neurodegeneration and associated neurocognitive impairment.
Introduction
The widespread use and efficacy of antiretroviral therapy (ART) has fundamentally altered the clinical course of HIV disease and the epidemiology of HIV-associated neurocognitive disorders (HAND). Before the introduction of effective ART, severe HAND was more commonly observed with advanced HIV disease; the prevalence of severe HAND has since decreased from 10-15% in the pre-ART era to around 2%, although milder forms persist [1] .
HIV infection may damage neurons through toxic viral factors or through activation of the host immune system that may then amplify neuronal damage [2] . ART likely improves HAND by suppressing systemic and central nervous system (CNS) HIV replication and by returning CD4 þ T cells toward normal levels [3] [4] [5] [6] [7] . Virally suppressive ART regimens have substantially reduced the prevalence of severe HIV-associated dementia (HAD), and antiretroviral regimens that distribute well into the CNS may more effectively prevent neurocognitive decline [5, 7, 8] .
Despite these observations, causal pathways relating HIV infection to neurocognitive impairment are incompletely understood and the potential influence of ART on these pathways is unclear. One commonly held model suggests that viral replication drives neurodegeneration, which then leads to HAND, and ART might ameliorate both neurodegeneration and HAND by reducing viral replication. In the present study, we evaluated whether ART exerted a protective effect against HAND by reducing brain viral load and neurodegeneration. We hypothesized that suppressive ART, as defined by undetectable plasma viral load, would decrease cortical neurodegeneration relative to nonsuppressive ART or no ART. We also sought to determine whether a higher degree of neurodegeneration was predictive of HAND in our cohort. Finally, we hypothesized that suppressive ART would reduce the odds of HAND.
Methods Participants
We assessed 90 HIV-infected participants enrolled in the California NeuroAids Tissue Network (CNTN). Participants recruited into the larger CNTN parent study were recruited because of suspected risk for death within 2 years of enrollment based on progression of HIV disease (e.g., CD4 þ cell count less than 50 cells/ml). The participants enrolled in the present study were those with postmortem midfrontal cortex tissue specimens available for characterization and available data on ART use at their final study visit before death. All participants meeting these criteria in the CNTN study were enrolled in this study. The CNTN study was reviewed and approved by the local institutional review board and all participants provided written informed consent.
Neuromedical and antiretroviral therapy assessments
Participants completed in-life neuromedical evaluations that included general physical and neurological examinations, medical and medication history, and laboratory studies including CD4 þ lymphocyte counts, plasma and cerebrospinal fluid (CSF) HIV RNA levels, and routine hematology. Information on the use of antiretrovirals was collected at each neuromedical evaluation and through postmortem review of medical chart history. Participants were placed into one of three ART categories. 'ART Naive' individuals had never been exposed to antiretrovirals in the course of their disease. Among those who had taken at least one course of ART, nonsuppressive (NS-ART) and suppressive (S-ART) groups were defined by detectable or undetectable plasma HIV RNA levels, respectively, at the last antemortem clinical evaluation. The detection limit was defined as the lower limit of quantitation (LLQ), which varied from 40 to 400 copies/ ml based on the assay available at the time of assessment. Among the 89 individuals with plasma HIV RNA data, the LLQ was 400 copies/ml for 59 (78%), 50 copies/ml for 25 (28%), 40 copies/ml for three (3%) and 75 copies/ ml for two (2%).
Neuropsychological testing
Clinical neuropsychological evaluations were scheduled at 6-12 month intervals throughout the course of the study and the last neuropsychological assessment before death determined the final neuropsychological status. As previously described, raw neuropsychological scores were corrected for age, education, sex, and ethnicity when possible [8] . Clinical ratings, using a nine-point clinical rating scale for each of seven neuropsychological domains, were assigned and applied toward HAND diagnoses [9, 10] . A consensus HAND diagnosis was determined via a multidisciplinary case conference. In order of increasing severity of impairment, HAND was classified as asymptomatic neurocognitive impairment, mild neurocognitive disorder, and HAD, consistent with the current research guidelines [11] . Among the 69 participants with sufficient data to determine a neurocognitive diagnosis, 20 (29%) were neurocognitively normal, 26 (38%) were diagnosed with HAND, and 23 (33%) were diagnosed with neurocognitive impairment because of a cause other than HIV (neuropsychological impairment -other (NPI-O)]. Among those diagnosed with HAND, eight were diagnosed with asymptomatic neurocognitive impairment, 11 were diagnosed with mild neurocognitive disorder, and seven were diagnosed with HAD. For all analyses predicting HAND, we excluded participants with a diagnosis of NPI-O.
Quantification of cortical neurodegeneration and HIV levels
As soon as possible after death, tissue blocks measuring 4 cm 3 were extracted from the right dorsolateral midfrontal cortex. Tissue blocks were fixed overnight in 4% paraformaldehyde and sectioned at 40 mm with a Leica vibratome (Leica Biosystems, Wetzlar, Germany). Sections were stored at À308C in 30% glycerin, 30% ethylene glycol, and 40% phosphate-buffered saline. Fluorescence immunohistochemistry was carried out for SYP, a marker of presynaptic terminals, and microtubuleassociated protein-2 (MAP2), a marker of neuronal cell bodies and dendrites, as described previously [8] .
MAP2 and SYP-immunostained sections of the midfrontal cortex were imaged at 63Â with a laser scanning confocal microscope (MRC1024 BioRad Scanner; BioRad, Hercules, California, USA) using the Laser-Sharp Acquisition 3.2 software (Hercules, California, USA). Images were analyzed using ImageJ (v. 1.27; National Institute of Health, Bethesda, Maryland, USA; 2002). The extent of neurodegeneration was measured by quantifying the percentage area of the neuropil occupied by SYP þ presynaptic terminals or MAP2 þ neuronal processes, averaged across four images over an area of 1 mm 3 [8, 12, 13] . All investigators were blinded to treatment group during data acquisition and analysis.
To obtain an overall measure of neurodegeneration, for each case we combined SYP and MAP2 percentages into a composite measure of neurodegeneration such that higher neurodegeneration scores represented greater neurodegeneration, per our previous work [8] . Distributions for SYP and MAP2 were divided into lower 25%, middle 50%, and upper 25% percentiles, which were categorically transformed to scores of 2 (severe neurodegeneration), 1 (mild/moderate neurodegeneration), and 0 (no neurodegeneration). The neurodegeneration score was calculated as sum of the two scores plus 1.
We measured brain viral load by HIV RNA and HIV p24 protein levels in frontal cortex tissue. Frontal cortex HIV RNA was quantified by qPCR using HIV-1 pol standard. HIV-1 p24 was quantified by ELISA (PerkinElmer, Waltham, Massachusetts, USA) on homogenate aliquots containing 20 mg of total protein. HIV encephalitis was defined as the presence of multiple foci of microgliosis, multinucleated giant cells, and astrocytosis [14] .
Statistical analysis
In univariable analyses, measures of MAP2, SYP, and neurodegeneration were compared between ART groups using analysis of variance (ANOVA) or Kruskal-Wallis test, if assumptions of normality were not met. Post hoc pairwise contrasts were adjusted for multiple comparisons using Tukey's HSD or false discovery rate methods. Effect sizes for mean differences were estimated by Cohen's d. Jonckheere test for ordered alternatives was used to test for monotonic trend in medians of MAP2, SYP, and neurodegeneration between the three ART categories. Separate multivariable linear models were used to regress MAP2, SYP, and neurodegeneration on ART groups and significant covariates. All covariates were initially included in the models and each was subsequently removed if their effect size was not significant at the P < 0.05 level. The full list of covariates, selected a priori based on possible association with HAND, included age, sex, diabetes status, hypertension, hyperlipidemia, tobacco-smoking history (ever vs. never), time from last clinical visit to death, hepatitis C virus coinfection, CNS penetration effectiveness score, estimated HIV infection duration, and HIV p24 protein. Associations with HAND were analyzed using univariable and multivariable logistic regressions, using Firth's penalized-likelihood methods for data that were too sparse [15] . Effect sizes for predicting HAND were measured using odds ratio (OR). For numeric predictors, OR is calculated for one unit increase. Univariable correlation analyses were performed using Pearson's or Spearman's method, as appropriate. Values of brain HIV p24 and HIV RNA in plasma, CSF, and frontal cortex were logarithmically transformed to reduce skewness. All tests were two-sided and deemed significant if P < 0.05, unless stated otherwise. All statistical analyses were performed using R 3.0.1 statistical software (R Core Team, Vienna, Austria; 2013).
Results

Participants and correlations
Participants in this study were predominately men (74/90, 82%) with a mean age of 44.7 years (SD 9.8, range 26-70 years old, median ¼ 44) ( Table 1 ). Evidence of opportunistic infections in the brain (cytomegalovirus encephalitis, cryptococcosis, progressive multifocal leukoencephalopathy, or toxoplasmosis) was found in 14 (15.5%), Alzheimer type II gliosis in 10 (11%), and lymphoma in four (4.4%) of 90 individuals. The S-ART group was older and had a higher rate of smoking, diabetes, hypertension, and hyperlipidemia than both the NS-ART and ART naive groups. The overall rate of viral suppression among treated individuals was 22.9%. Correlations between plasma, CSF, and frontal cortex HIV RNA, frontal cortex HIV p24 protein, and our measures of neurodegeneration were in general highly significant ( Table 2) .
Antiretroviral therapy and neurodegeneration: univariable analyses
We next examined the effect of ART on measures of neurodegeneration. Representative immunostaining for SYP and MAP2 is shown in Fig. 1 . Mean MAP2 percentages were 18.4% for ART naive, 19.7% for NS-ART, and 22.5% for S-ART ( Fig. 2a ). Mean SYP percentages were 16.6% for ART naive, 19.3% for NS-ART, and 21.1% for S-ART (Fig. 2b) . Differences between groups in SYP percentage were statistically significant (P ¼ 0.008) and pairwise comparisons identified that the S-ART group differed from the ART naive group (Cohen's d ¼ 1.37, P ¼ 0.007). Between-group differences in MAP2 percentage were also statistically significant (P ¼ 0.03) and pairwise comparison identified that the S-ART differed only from the NS-ART group (Cohen's d ¼ 0.64, P ¼ 0.044). Jonckheere test for ordered medians was significant for both SYP (z ¼ 3.11, P < 0.001) and MAP2 (z ¼ 2.67, P ¼ 0.003).
The composite neurodegeneration score was constructed using each patient's SYP and MAP2 percentages [8] . Both S-ART and NS-ART groups had lower mean neurodegeneration scores (representing greater synaptodendritic abundance) than the ART naive group (ART naive: 4.0, NS-ART: 3.1, S-ART: 2.3) ( Fig. 2c) . Differences in neurodegeneration scores were statistically significant (P ¼ 0.009) and pairwise comparison identified that the ART naive and S-ART groups differed (Cohen's d ¼ À0.75, P ¼ 0.01). Comparison between S-ART and NS-ART groups approached significance (Cohen's d ¼ À0.59, P ¼ 0.068). Jonckheere test for ordered medians was significant (z ¼ 2.84, P ¼ 0.002).
Antiretroviral therapy and neurodegeneration: multivariable analyses
We then tested the effect of ART category and brain HIV p24 on measures of neurodegeneration in separate multivariable models for MAP2, SYP, and neurodegeneration score. All covariates were initially included in each model and were subsequently removed if their effect was not significant at the P ¼ 0.05 level. The model predicting MAP2 was statistically significant (P ¼ 0.001, adjusted R 2 ¼ 0.29, n ¼ 48) but only higher brain HIV p24 [Cohen's d ¼ À0.93, 95% confidence interval (CI) À1.45 to À0.40, P ¼ 0.001] and smoking (Cohen's d ¼ À0.99, 95% CI À1.64 to À0.34, P ¼ 0.004) were associated with lower MAP2 levels. After controlling for smoking and 326 AIDS 2015, Vol 29 No 3 
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We next examined the effect of neurodegeneration and ART category on the probability of HAND diagnosis. In a univariable analysis, higher SYP percentage was associated with decreased odds of HAND (OR 0.8, 95% CI 0.65-0.97, P ¼ 0.028). Higher MAP2 percentages trended toward lower odds of HAND (OR 0.87, 95% CI 0.75-1, P ¼ 0.068). Higher neurodegeneration score was marginally associated with increased odds of HAND (OR 1.57, 95% CI 0.99-2.5, P ¼ 0.056). ART category was not a significant overall predictor of HAND in a univariable analysis (P ¼ 0.094). However, when compared with ART naive individuals, the S-ART group was associated with significantly lower odds of HAND (OR 0.07, 95% CI 0.0005-0.78, P ¼ 0.030) and the NS-ART group trended toward significance (P ¼ 0.091).
Separate multivariable models were constructed to further assess the association of ART category with HAND in the presence of potential mediating variables.
Measures of neurodegeneration and brain HIV p24 were included as covariates in each model. In their respective models, MAP2, SYP, and neurodegeneration score were the only variables that remained significant predictors of HAND after controlling for all other variables (MAP2: OR 0.79, 95% CI 0.61-0.97, P ¼ 0.024; SYP: OR 0.72, 95% CI 0.50-0.94, P ¼ 0.014; neurodegeneration score: OR 2.08, 95% CI 1.06-4.97, P ¼ 0.033).
Discussion
In this postmortem study, virally suppressive ART conferred a significant protective effect against neurodegeneration as measured by markers of synaptic abundance, 
Immunostaining for synaptophysin and microtubule-associated protein 2. Representative confocal microscopy of dorsolateral midfrontal cortex immunostained for synaptophysin (red, A-A 00 ), present in presynaptic terminals, and MAP2 (green, B-B 00 ), found in neuronal dendrites and cell bodies. See quantitation (Fig. 2a, b ). Scale bar: 20 mm. ART, antiretroviral therapy; MAP2, microtubule-associated protein 2.
dendritic complexity, and a composite neurodegeneration score. We further showed strong correlations among measures of neurodegeneration and plasma, CSF, and brain viral load. Neurodegeneration was highly predictive of a diagnosis of HAND, and virally suppressive ART reduced the odds of HAND. These findings are consistent with a model in which viral replication drives neurodegeneration and in which ART ameliorates HAND by reducing neurodegeneration. These findings are also broadly consistent with a number of studies that have examined the relationships among ART, neurodegeneration, and neurocognitive impairment [3] [4] [5] [6] 8] .
The statistical power of our three measures of neurodegeneration in predicting HAND varied. In univariable analysis, SYP was the strongest predictor of HAND, followed by the composite neurodegeneration score and then MAP2; in the multivariable models, SYP remained the strongest predictor. The relative strength of SYP in predicting neurocognitive impairment is consistent with a previous report that showed that SYP was better correlated with global neuropsychological impairment score than MAP2 in midfrontal cortex [8] . We also found that virally suppressive ART treatment was significantly associated with higher SYP, but not MAP2, relative to ART naive individuals.
We also provide evidence supporting the causative chain from virally suppressive ART to suppression of CNS viral load, decreased neurodegeneration, and reduced odds of HAND. In multivariable models, ART category was not associated with either MAP2 or SYP after controlling for HIV p24; HIV p24 meanwhile remained strongly associated with both measures after controlling for ART category. This suggests that brain viral load may mediate the effect of ART on neurodegeneration. Similarly, in multivariable models predicting HAND, the measures of neurodegeneration were strongly associated with HAND after controlling for ART category and HIV p24, whereas neither ART category nor HIV p24 was associated with HAND after controlling for neurodegeneration and other covariates. This in turn suggests that neurodegeneration mediates the relationship between ART/brain viral load and HAND.
It is possible that factors other than viral replication may contribute to neurodegeneration in HAND. For example, ART does not eliminate latent provirus in the brain, and viral latency may affect host gene expression in ways that promote neurodegeneration or reduce neuroprotection. Indeed, recent work has demonstrated that viral latency in the brain is associated with dysregulation of inflammatory gene expression [16] . Our findings do not preclude the possibility that nonviral factors such as immune dysregulation and inflammation may contribute to HIV neuropathogenesis, and additional studies will be needed to fully elucidate this pathway.
Our study is subject to several limitations. First, our conclusions on the neuroprotective effect of ART are limited by the small sample size of ART naive individuals in the cohort. Although our finding that virally suppressive ART therapy improves multiple measures of neurodegeneration is statistically robust, it is possible that a larger cohort of ART naive individuals would reveal a more complex relationship between ART and neurodegeneration. Second, patients in our study generally had complex ART histories, including multiple stop-start treatment cycles and different lengths of treatment with varying types and number of antiretroviral drugs. Though this complexity presented difficulties in retrospectively defining ART groups, our classification method successfully captures differences in neuropathological and neurocognitive outcomes in a clinically relevant way. However, it is possible that a more tightly controlled, prospective ART trial would reveal different effects of treatment on neurodegeneration and HAND. Third, the plasma viral load assays used to sort participants into ART groups varied, with the LLQ ranging from 40 to 400 copies/ml depending on the assay. Finally, our cohort also exhibited an unusually low rate of viral suppression (23% of those who underwent ART). This likely reflects the selection bias inherent in a postmortem study in which the sample is enriched for individuals for whom ART was ineffective.
The findings from the present study point toward several lines of future investigation. We found postmortem MAP2 and SYP to be sensitive markers of HAND. Identifying in-vivo correlates of these markers is an essential next step. It is also important to examine factors that may increase susceptibility to e.g. late ART initiation) or protect against (e.g. physical activity) neurodegeneration, as this may allow those at risk for neurocognitive decline to be identified early and treated appropriately. With the increasing abundance of effective and well tolerated treatment, viral load suppression early in HIV disease is increasingly observed. The question remains whether the development of HAND can be thwarted or reduced based on earlier ART initiation. In addition, some have argued that ART itself may cause neurotoxicity [16] . If true, the pendulum of ART as neuroprotection may eventually swing toward inducing long-term neural toxicity and this may outweigh the benefits of preventing neurodegeneration. Clearly, adjunct neurological therapies are needed as well as an expanded understanding of the pathophysiology of HAND.
Source of funding: This work was supported by NIH U01 MH83506 (PI: DJ Moore, CL Achim). The HIV Neurobehavioral Research Center (HNRC) is supported by Center award P30MH062512 from NIMH.
Conflicts of interest
There are no conflicts of interest.
